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QCD Hard Scatters & Factorization
High pT particle production tests perturbative QCD
calculations and helps constrain parton density (PDF)
and fragmentation functions.

x is the fraction of the proton’s
longitudinal momentum
carried by a parton

Q2 is the squared momentum
transferred in the hard scatter

z is the fraction of the
outgoing parton’s
momentum carried by a particle
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Why Study Direct Photons?
Photons provide a clean probe of the hard scatter
Only two processes contribute at leading order to the
direct-photon cross section:
qq̄ annihilation and qg Compton scattering

Direct-photon production is sensitive to
the gluon distribution
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π0 and η Signal Definitions

π0 and η mesons are reconstructed via their
γγ decay modes

Aγγ ≡
|Eγ1

−Eγ2
|

Eγ1
+Eγ2

< 0.75

Photons from π0 and η meson
decays are the leading source of
direct-photon background. Reduce
this background by identifying these
photons.

meson background estimated
via sideband subtraction
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Direct Photon Candidates
Candidates that formed γγ pairs with
invariant mass in the π0 or η peak
regions and Aγγ < 0.9 were rejected
(Aγγ varied for systematic studies)

Backgrounds are still significant even
after rejecting most π0 and η
mesons. A properly tuned simulation
is necessary to estimate the
remaining background.

Signal obtained after statistical
subtraction of the background
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Direct Photon Candidates
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Direct Photon Candidates
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Production Cross Sections
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Nuclear Dependence

Large pT processes on nuclei may be affected by multiple
parton scattering or modifications of parton distributions in
nuclear matter

For hadron production by p and π beams,
expect a suppression at low pT

(nuclear disk)
expect an enhancement at
large pT (scattering)

In high pT hadron production,
multiple scattering may occur in the
initial and/or final state. In direct
photon production, multiple scattering
is expected to occur primarily in the
initial state.
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Target Region

-1
30

 c
m

-3
4 

cm

-1
9 

cm

3x3 cm wafers
50 µm pitch

-6
 c

m

-3
 c

m

+
2 

cm

+
8 

cm

+
13

 c
m

5x5 cm wafers
50 µm pitch

5x5 cm wafers
25/50 µm pitch

0.8 mm Cu

1.1 cm Be

3.7 cm Be

Beam

-1
30

 c
m

-6
1 

cm

-3
4 

cm

3x3 cm wafers
50 µm pitch

-6
 c

m

-3
 c

m

+
2 

cm

+
8 

cm

+
13

 c
m

5x5 cm wafers
50 µm pitch

5x5 cm wafers
25/50 µm pitch

Beam

15 cm H
2

0.2 cm Be

2.8 cm Be

0.16 cm Cu

1990

1991-92

0

5

10

15

Beam

SSDs

Beam

SSDs

Cu

Be Be
Vertex

SSDs

1990

DGS
Data

(x103)

E
ve

nt
s 

pe
r 

0.
5 

m
m

0

10

20

30

-40 -35 -30 -25 -20 -15 -10 -5 0

Beam

SSDs

Cu

Be

H2

Be

Vertex

SSDs

1991-1992

ZVERTEX (cm)

Vertex Distributions

Michael Begel Hard Probes 2006 11



Target Region

-1
30

 c
m

-3
4 

cm

-1
9 

cm

3x3 cm wafers
50 µm pitch

-6
 c

m

-3
 c

m

+
2 

cm

+
8 

cm

+
13

 c
m

5x5 cm wafers
50 µm pitch

5x5 cm wafers
25/50 µm pitch

0.8 mm Cu

1.1 cm Be

3.7 cm Be

Beam

-1
30

 c
m

-6
1 

cm

-3
4 

cm

3x3 cm wafers
50 µm pitch

-6
 c

m

-3
 c

m

+
2 

cm

+
8 

cm

+
13

 c
m

5x5 cm wafers
50 µm pitch

5x5 cm wafers
25/50 µm pitch

Beam

15 cm H
2

0.2 cm Be

2.8 cm Be

0.16 cm Cu

1990

1991-92

10
-1

1

10

-35 -34 -33 -32 -31 -30 -29 -28 -27 -26

800 GeV/c p beam
1991-92

DGS

Data

(x103)

Beam
SSDs

Cu

Be

H2
Flask

ZVERTEX (cm)

E
ve

nt
s 

pe
r 

0.
5 

m
m

Vertex Distributions

Michael Begel Hard Probes 2006 11



Nuclear Dependence
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Nuclear Dependence
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Nuclear Dependence
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Comparisons with NLO pQCD
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About kT Effects
kT refers to the magnitude of the
effective transverse momentum
vector of each of the two colliding
partons.
Average kT values significantly
larger than expected from
non-perturbative hardon-size
effects have been observed in
Drell-Yan, Z, and diphoton
production, and have been
interpreted as resulting from
multiple soft-gluon emissions. 0
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About kT Effects
kT refers to the magnitude of the
effective transverse momentum
vector of each of the two colliding
partons.
Average kT values significantly
larger than expected from
non-perturbative hardon-size
effects have been observed in
Drell-Yan, Z, and diphoton
production, and have been
interpreted as resulting from
multiple soft-gluon emissions.
Fixed-order pQCD calculations
partially include this effect through
additional diagrams.
Resummed pQCD calculations
should properly include kT

effects.
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Two Arms are better than One
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Including Higher Order Effects
There has been significant progress towards
developing resummed calculations for
inclusive direct photon and π0 production
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Inclusive Production with kT
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Chosen kT values were influenced by studies of two particle
correlations but are model dependent. This is not a
measurement of kT .
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Inclusive Production with kT
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Comparisons with Other Experiments
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Comparisons with Other Experiments

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

20 40 60 80 100 120
pT (GeV/c)

D
at

a 
/ T

he
or

y

p− p at √s = 1.8 TeV
−0.9 ≤ ycm ≤ 0.9

CDF (2002)

NLO Theory
µ=pT
CTEQ5M PDF

〈kT〉  = 3.5 GeV/c

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

5 10 15 20 25 30 35 40

pT (GeV/c)

D
at

a 
/ T

he
or

y

p− p at √s = 630 GeV
−0.9 ≤ ycm ≤ 0.9

CDF (2002)

NLO Theory
µ=pT
CTEQ5M PDF

〈kT〉  = 2.5 GeV/c

0.4

0.6

0.8

1

1.2

1.4

1.6

50 100 150 200 250 300
pT (GeV/c)

D
at

a 
/ T

he
or

y

p− p at √s = 1.96 TeV
−0.9 ≤ ycm ≤ 0.9

DØ (2005)

NLO Theory
µ=pT
CTEQ6.1M PDF

〈kT〉  = 3.5 GeV/c

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

5 10 15 20 25 30 35 40

pT (GeV/c)

D
at

a 
/ T

he
or

y

p− p at √s = 630 GeV
−0.9 ≤ ycm ≤ 0.9

DØ (2001)

NLO Theory
µ=pT
CTEQ5M PDF

〈kT〉  = 2.5 GeV/c

CDF and DØ

Direct Photon Production

Michael Begel Hard Probes 2006 22



Conclusions
High-pT direct-photon and π0 production has been measured in
interactions of 515 GeV/c π− and 530 GeV/c and 800 GeV/c protons
with beryllium, copper, and hydrogen targets.
The production of direct photons exhibits significantly smaller nuclear
enhancement than does high-pT π0 production.
The shape of the rapidity distributions do not exhibit any significant
dependence upon the nuclear target over the range covered by the
experiment.
NLO pQCD does not satisfactorily represent the data at our energies.
The data are described better by kT -enhanced NLO pQCD calculations
using the softer gluons of CTEQ5 and MRST2003 than the harder
gluons of CTEQ6.1.
Inclusion of direct-photon data in global fits would provide additional
constraints on the gluon distribution, independent of the Tevatron jet
data, thereby enhancing the discovery potential of the jet data being
acquired in Tevatron Run II.
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Conclusions
Inclusion of direct-photon data in global fits would provide additional
constraints on the gluon distribution, independent of the Tevatron jet
data, thereby enhancing the discovery potential of the jet data being
acquired in Tevatron Run II.
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Photon Reconstruction
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Monte Carlo and Data Comparisons
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Systematic Uncertainties
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Comparisons with NLO pQCD
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Comparisons with pQCD
NLO pQCD has reduced scale dependence and significantly improved
agreement when compared to ratios of direct-photon cross sections
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Comparisons with Other Experiments
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Sensitivity to the Gluon Distribution
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